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I. INTRODUCTION
Pulsed laser deposition (PLD) has proved to be an attractive technique for producing thin films of many materials that is particularly suited for producing oxide films. Generally, a gas background is required for producing good quality oxide films in order to achieve the appropriate stoichiometry. However, a gas background is well known to slow down the velocity of the species arriving at the substrate, 1 while special features or improved performance of films have been related to their high kinetic energy (KE), [2] [3] [4] [5] [6] particularly to ions having KE > 200 eV. 7 Discussion on the impact of species KE on film growth are generally based on mean KE values that are typically of tens of eV and vary little with fluence. 8, 9 Instead, KE distributions are known to expand significantly over hundreds of eVs when the fluence is increased. 1, [7] [8] [9] Al 2 O 3 is an interesting oxide, e.g., as a material for optical applications due to its high stability and refractive index that is higher than that of SiO 2 . 2, 10 There are some works relating the plasma and film properties reporting that the film structure depends on the mean KE of species 4 and that the film density and refractive index increase as fluence is increased or the processing gas pressure is decreased. 2, 10 In addition, stoichiometric and good quality films can be grown in vacuum. 5, 11 Al 2 O 3 is a simple oxide, whose cation is the one of the few metals that has an ionization potential (5.98 eV) smaller than one of the photon energies typically used in PLD (6.4 eV from excimer laser operating at 193 nm). In spite of the plasma produced by ablation of Al 2 O 3 at 193 nm offers an excellent case for studying the importance of singlephoton ionization processes, there are almost no reports in the literature using this wavelength. There are some early reports on the ionic content and kinetics of the plasma produced by ablation of single crystalline c-Al 2 O 3 (sapphire) in vacuum using nanosecond pulses at 248 nm and fluences above the plasma formation threshold. 12, 13 The aim of this study was an understanding of the mechanism of ablation and it concluded that there was evidence for its electronic rather than thermal nature. The works on laser ablation of ceramic Al 2 O 3 targets also relate to single wavelengths of 248 nm, 3, 14 355 nm, 15 532 nm, 11 or 1064 nm. 4 Only recently, the ion yield and KE distributions produced by ablation of a ceramic Al 2 O 3 target at 193 nm have been reported showing that Al þ represent >80% of the ions 16 and 20% of the ions had KE > 200 eV around the threshold for plasma formation. 17 These results were related to the existence of direct photoionization processes in the plasma. It was also shown that the kinetics of ions in the plasma produced by ablation of ceramic Al 2 O 3 and Al at 193 nm is very similar. 17 An earlier work comparing the plasmas produced by ablating Al and Al 2 O 3 targets at 248 nm has shown that the electron density associated with Al species is nearly two times higher for Al 2 O 3 than in the case of Al. 14 The plasma produced by laser ablation of Al has instead been widely studied using several approaches and reporting a broad range of plasma properties. Several laser It is generally reported that the ionization is higher for shorter wavelengths, 23 that saturation effects in ion yield at high fluences exist, 23 and that the KE distributions are generally well fitted with shifted Maxwell-Boltzmann distributions, 20, 23, 24 although there is one early work in which the velocity distribution of Al was reported as hyperthermal and not Maxwellian. 18 Comparing the KE distributions reported in the studies performing ablation of Al at different wavelengths, the ions produced upon 193 nm have the higher KE values 8, 17 and this has been related to the photon energy being higher than the ionization potential of Al. Furthermore, an early work on ablation of Al in H 2 at both 193 nm and 248 nm highlighted the importance of photoionization processes in the plasma expansion for 193 nm ablation. 26 The aim of this work is to compare for the first time the plasma ionic composition and features upon ablation of a ceramic Al 2 O 3 target in vacuum at 193 nm and 248 nm under the same conditions and at fluences typically used for PLD. The ultimate aim is to identify clearly if single-photon photoionization processes make any significant difference in the plasma expansion and temperature as well as which are their consequences in the KE distribution (N(E)) of the species that eventually will have a direct impact on the film properties.
II. EXPERIMENTAL
An ArF excimer laser (k ¼ 193 nm, s ¼ 20 ns, Lambda Physik LPX 300) and a KrF (k ¼ 248 nm, s ¼ 34 ns, LambdaPhysik LPX200) were used for ablating a cylindrical ceramic Al 2 O 3 target in vacuum (<10 À6 mbar). The laser beams were imaged on the target surface at 45 to spot areas of %0.9 Â 0.7 mm 2 and %0.8 Â 0.8 mm 2 leading to fluences up to 2 J/cm 2 and 4 J/cm 2 for the ArF and KrF laser beams, respectively.
Two main diagnostics tools were used to study the composition and dynamics of the plasma produced by laser ablation along its axis. The first one was an electrostatic quadrupole mass spectrometer (EQP-QMS Hiden) that was placed along the direction perpendicular to the impact point of the laser on the target. The species go first into an ionizer stage through a nozzle (diameter of 0.6 mm) located at 4 cm from the target. For charged species analysis, the ionizer is switched off and the species become deflected according to their mass to charge ratio. For neutral species analysis, the ionizer is switched on and a field is applied to the EQP extractor to reject all incoming charged species. The amount of species that are finally collected by the detector is thus affected by their ionization cross section. A quantitative comparison between the amount of charged and neutral species and among different neutral species is therefore not straightforward. The system allows measuring KE up to 100 eV and acquisitions were performed using a delay of 20 ls with respect to the signal of a photodiode collecting the laser output and an acquisition time of 400 ls. Since in an earlier work using the same experimental approach it was shown that the more relevant and faster species were monoatomic species, 16 we focus the present work to these species. The second diagnostic tool was imaging emission spectroscopy. The plasma that expands along the direction perpendicular to the target surface is imaged onto the entrance slit of an Acton SP 500 spectrograph using two achromatic lenses and a periscope in order to align the expansion direction along the entrance slit of the spectrograph. The output of the spectrograph is a 1D-spatial and 1D-spectral image of the expanding plasma that is recorded with an ICCD 1024 MLDG-E/1 and an EEV 256 Â 1024 (6 ph) sensor. Series of time-gated spatial-spectral images have been recorded using a gate width of 25 ns and a delay with respect to the laser pulse in the range 30-660 ns that was varied in steps of 70 ns. Each image consists of 10 accumulations covering a spectral interval of 15-20 nm that was varied in the range 250-800 nm and has been background-subtracted. More details on the experimental setup and data processing can be found elsewhere. 27, 28 III. RESULTS (Al þ , O þ ) obtained upon ablation using the two studied wavelengths. We have selected fluences close to the threshold for obtaining visible plasma for each wavelength. The most striking result is the almost constant KE of Al þ species upon ablation at 193 nm. This result suggests that even at this very low fluence, there is a significant amount of these ions having KEs above 100 eV ( Fig. 1(a) ). Instead, the KE distribution of Al þ upon ablation at 248 nm shows a maximum at low KEs that is followed by a long decrease leading to an almost negligible amount of ions with KE of 100 eV. As fluence is increased (not shown), the KE distribution at 193 nm remains constant while that at 248 nm becomes similar to that obtained at 193 m. For O þ ( Fig. 1(b) ), most of the ions have KE < 20 eV when ablating at 193 nm, while their amount is comparatively negligible for ablation at 248 nm. As fluence is increased (not shown), the KE distribution shows that the amount of ions at all energies upon ablation at 193 nm increases and becomes significant for KE ¼ 100 eV. For 248 nm ablation, this amount develops into a broad maximum that extends up to 30 eV (similar to that observed for the case of ablation at 193 nm at low fluences shown in Fig. 1(b) ) to become negligible for KE > 40 eV.
Figure 1(c) shows the KE distributions of Al neutrals for the highest studied fluence upon ablation at the two studied wavelengths. For ablation at 248 nm, the distribution is almost flat with the exception of a maximum at low KEs ($10 eV). For ablation at 193 nm, a maximum is observed at approximately the same low KE. After this maximum, the distribution becomes almost negligible in the range 40-70 eV to increase for higher KEs. At both wavelengths, there is a similar significant amount of species with KE around 100 eV. While the described features apply to all fluences studied for the case of ablation at 248 nm, there is a significant change when the fluence is decreased for ablation at 193 nm. In this case, the maximum at high energies decreases until it becomes negligible with decreasing fluence. Instead, the maximum at low energies shows little changes with fluence.
The fluence dependence of the amount of studied species can be seen in Fig. 2 Fig. 2 (c)) upon ablation with the two studied wavelengths. We have plotted the relative amount obtained by integrating the KE distributions (such as those plotted in Fig.  1 ) for each fluence and normalizing the result by the value obtained for the highest studied fluence in each case. Therefore, all curves should approach unity. For Al species, an approximately constant amount of Al þ is observed when using 193 nm that is different to the increase from a threshold value up to saturation that occurs for fluences of $2 J/cm 2 when using 248 nm. In contrast, the amount of Al is approximately constant for both wavelengths ( Fig. 1(b) ). In absolute terms (not shown), the amount of Al is approximately twice for 248 nm than for 193 nm ablation. Figure 1 (c) shows that the KE energy distribution has two maxima with different evolution with fluence upon ablation at 193 nm. Since the second maxima starts at $70 eV, the inset in Fig. 2 (b) shows in absolute terms the amount of Al with KE above and below this value as a function of fluence. It can be seen that the amount of fast species increases while the amount of slow species decreases with increasing fluence. Finally, it is worth to mention that upon ablation at 248 nm, no Al þþ was detected whereas for 193 nm ablation, the relative amount increases with fluence and shows no evidences of saturation in the studied fluence range as reported earlier. 16 The amount of O þ ( Fig. 2(c) ) follows the expected trend for both wavelengths, i.e., an increase with increasing fluence, and the O þ produced at 193 nm nearly reaches saturation for fluences which are close to the threshold for observing O þ at 248 nm. It is worth to mention here that in the context of Fig. 2 , the saturation observed might be only apparent due to the fact that the KE distributions in Fig. 1 have the upper limit of 100 eV due to the mass spectrometer range of detection.
In order to have information on the plasma dynamics beyond the 100 eV limit, series of time-gated spatial-spectral images were recorded upon ablation with the two laser wavelengths. In the plasma produced at 193 nm, intense lines related to Al, Al þ , Al þþ , O, and O þ could be identified. In contrast, only lines related to neutrals, i.e., Al and O, could be detected in the plasma produced at 248 nm. The maximum studied fluences were 2 J/cm 2 and 2.8 J/cm 2 upon ablation at 193 nm and 248 nm, respectively. spatial (horizontal)-spectral (vertical) images of the plasma obtained at two time delays with respect to the laser pulse and for the two laser wavelengths used for ablation. We have selected the spectral range of 263 to 267 nm where spectral lines of both Al þ and Al can directly be compared and it becomes evident that the former are only seen for ablation at 193 nm. The images clearly show that the ions are much faster than the neutrals and neutrals are slightly faster upon ablation at 248 nm than at 193 nm.
The intensity profiles I(z) of the excited emission transients along the expansion direction are converted into KE distributions using the method described elsewhere. 7 The spatial distribution profiles are first converted into velocity distributions U(v) by dividing the expansion axis units (z) by the corresponding delay time t at which the image was recorded and normalizing to unit area. The velocity distributions obtained are finally converted into KE distributions
where m is the mass of the specie and J(E) ¼ 1/mv the Jacobian. 7, 29 This is done for t > 100 ns and z > 2 mm for which the continuum emission from Bremsstrahlung becomes negligible. Fig. 2(c) ). In all cases, the distributions exhibit a maximum for KE < 100 eV that is followed by a long tail that expands well beyond 100 eV. Actually more than 44% of Al þ have KE > 100 eV. Figure 4(c) shows the KE distributions of Al neutrals achieved by ablation at the two studied wavelengths. The range of KE over which the distribution extends is 10 times smaller than in the case of ions, in spite of the similar shape of the KE distributions generated by 193 nm ablation. The maximum appears around 10 eV and the tails become negligible around 60 eV. The main difference between the distributions obtained with the two ablation wavelengths is that the tail expands slightly to higher KEs when ablating at 248 nm.
It has usually been reported that the plasma expansion upon laser ablation is well described by a MaxwelBoltzmann distribution. 1, 20, 23, 24 We have fitted the optically obtained KE distributions (such as those shown in Fig. 4 . The fits of the experimental data shown in Fig. 4 are also included where it can be seen that the fittings are very good. From the fits, T MB could be extracted and the results are plotted in Fig. 5 . As expected, the higher temperatures are obtained for ions, that correspond from high to low to Al þþ , Al þ , and O þ ( Fig.  5(a) ). A general decrease of temperature is observed as expected with increasing time and the steepest dependence corresponds to Al þþ . Figure 5(b) shows the evolution of T MB of Al neutrals at the two studied wavelengths where it can be seen that, even at short times (100 ns), the temperature of neutrals is less than half compared to the less energetic ions. The main difference of T MB with the two ablation wavelengths is that it is almost constant (10-13 eV) for the case of 248 nm and times > 100 ns, while it decreases continuously with time when ablating at 193 nm.
The emitted line profile is the result of many broadening mechanisms and, for relatively low temperatures and high densities as it is the case for the laser ablated plasmas we are dealing with, it can be assumed to be dominated by collisions with electrons. This broadening is referred to as Stark broadening and becomes a well-established method for the estimation of electron densities (Ne). 25, 30, 31 The experimentally measured spectral lines were first fitted by Lorentzian functions. The Stark width is then obtained by deconvoluting the Gaussian widths (Doppler and instrumental). 32 In order to increase the precision, only results related to lines with Stark broadening higher than Gaussian have been used. Ne is finally determined from the database of Al Stark parameters assuming a linear dependence between Ne and the Stark width. 33, 34 The shift of the peak position of the Lorentzian lines is related to the Stark shift and provides another means for determining Ne that has the advantage of being independent of line self-absorption. We have applied both methods to determine the space-time evolution of N e from the 394.40 nm line of Al and achieved similar results. This agreement was similar to that reported elsewhere using the same line 35 thus confirming that self-absorption for this line can be neglected. From now on, results obtained using the Stark width method will be presented.
Assuming that the populations of the species in different excitation energy levels follow a Boltzmann distribution, the electronic temperature, T e , can be determined using the Boltzmann-plot technique that relates the intensity of lines derived from transitions between energy levels of the same element. 25, 31 We have considered 6 different lines for Al (256.79, 257.50, 265.24, 266.03, 394.40, and 396.15 nm) with upper energy levels from 3.14 to 4.8 eV. The intensity of the lines was corrected by the transmittance of the spectrometer and the Boltzmann-plot followed a linear behavior upon ablation at both studied wavelengths. The use of the Boltzmann-plot method requires that the plasma is optically thin 31 and thus self-absorption was carefully checked through the following three comparisons: the strength of lines within the same multiplet, the full width half maximum (FWHM) of lines in the same multiplet and the electron density (Ne) obtained from the Stark widths and shifts. We found no evidences for self-absorption in the Al lines used at times longer than 100 ns and for distances longer than 2 mm for which inverse Bremsstrahlung can be discarded.
Figures 6 and 7 show space-time plots of N e and T e upon ablation at 193 nm (a) and 248 nm (b), respectively. The plots have been built with 56 data (9 Â 6) and a shading interpolation was performed in order to smooth the transition between neighboring data. Upon ablation at 248 nm, N e and Te show a similar and expected behavior, i.e., the maximum intensity occurs for short times and distances. Instead, upon ablation at 193 nm, the maximum intensity of Te is achieved for long space and time values while the maximum intensity of Ne appears along the diagonal of the space-time plot, the intensity being slightly higher for short space and time values.
Space-time evolutions of Ne and Te could also be determined from ionic species for the case of ablation at 193 nm. For Ne, we have used the spectral line 281.61 nm of Al þ . The lines of O þ could not be used because they were too narrow. Figure 8(a) shows the results were it is seen that its features are similar to those of Ne determined from Al ( Fig.  6(a) ) in the sense that the maximum intensity occurs along the diagonal of the space-time plot. For Te, we tried to apply both the Boltzmann-plot technique used so far as well as the Saha-Boltzmann temperature using Figure 8(b) shows the temporal and spatial evolution of T e where it can be seen that it is significantly different than the Te determined from neutrals ( Fig. 7(a) ), while it is somehow similar to the N e determined from ions ( Fig. 8(a) ).
IV. DISCUSSION
The results presented here evidence that the ionic composition, excitation, and kinetics of the plasma produced by laser ablation of ceramic Al 2 O 3 at 193 nm and 248 nm are quite different. Furthermore, the degree of ion excitation at the latter wavelength is negligible at the fluences studied in this work. The photon energy of 6.4 eV when ablating at 193 nm is higher than the ionization potential of Al (5.98 eV) and it is thus enough to excite the 3p 2 2 S 1/2 level of Al and to produce a high concentration of Al þ through the loss of the outer electron. It has recently been reported that the fact that the plasma produced upon ablation of both Al 2 O 3 and Al is dominated by energetic ions (with KEs up to 1 keV) is related to the existence of these direct or single-photon photoionization processes. 17 The 5.0 eV photons of 248 nm ablation have an energy lower than the ionization potential of Al but the energy is sufficient to photoionize many metal vapors via two or three steps involving low-energy intermediate excited states. 36 For the case of Al, this photon energy is higher than the energy required for photoionization from the first excited state of Al (3.14 eV) that was reported to be the reason for the differences observed upon ablation of Al with visible (2.31 eV) and UV (3.46 eV) photons. 23 Particularly, it was reported that the threshold for both observing ionized species and their saturation shift to smaller fluences when decreasing the wavelength, while the mean KEs were similar. 23 However, the special features associated to these indirect photoionization processes were noticeable for fluences %10 J/cm 2 , i.e., much higher than those used in the present work.
Ions are the most energetic species, as detected both by mass spectrometry (ions with KE < 100 eV in our case) and optical emission (only excited ions), upon ablation at 193 nm. The amount of O þ increases with increasing fluence and becomes saturated for fluences around 1.5 J/cm 2 ( Fig. 2 ) while the amount of Al þ detected with optical emission is constant in the studied fluence range. In addition, the absolute amount of Al þ is higher than that of O þ (not shown) as reported earlier. 16 The KE distributions obtained from optical emission spectroscopy (Figs. 4(a) and 4(b) ) show that there are ions of both types in the excited state with KE much higher than 100 eV and that the amount of excited Al þ and O þ with KE higher than 200 eV are, respectively, 12% and 8%. The comparison of these results with the KE distribution of Al þþ (Fig. 4(a) ) shows that they are the fastest ions, which allows the conclusion that Al ions are the fastest species in the plasma produced by ablation of Al 2 O 3 at 193 nm. This conclusion is consistent with the similarities reported earlier between the plasmas produced by ablation of Al 2 O 3 and Al targets at 193 nm and supports further the earlier conclusion based on Langmuir probe data that the ions having KEs up to 1 keV were mainly aluminum ions. The higher ionic content and excitation degree when ablating at 193 nm implies that there are much faster species in the plasma produced at this wavelength than at 248 nm. This becomes also evident from the Maxwell-Boltzmann temperatures plotted in Fig. 5(a) and obtained from the KE distributions of all species produced at 193 nm that are in the range 18-100 eV for times shorter than 200 ns. These values are much higher than the few eV reported earlier upon ablation of a Al 2 O 3 and Al targets at longer wavelengths (355 nm and 532 nm) for fluences similar to the ones used in this work. 11, 23 The ion temperatures in Fig. 5 decrease as time increases as expected. However, the N e and T e space-time plots in Fig. 8 and obtained, respectively, from Al þ and O þ upon ablation at 193 nm do not follow the same evolution, i.e., the maximum values occur along the diagonal of these plots rather than at the origin. It is particularly noticeable that the high N e in Fig. 8 (a) (>10 17 cm À3 as obtained from Al þ ) and the high T e in Fig. 7 (a) (3 eV as obtained from Al) are detectable for long times (500-600 ns) and long distances (%8 mm). Since the KE of ions upon ablation at 193 nm can be >1 keV, 17 the increase of temperature of Al after hundreds of ns must be related to neutralization of Al þ ions that in the absence of a background gas, can only be due to recombination of Al þ and electrons and thus, Ne and Te determine the probability of the process. This reasoning is in agreement with the absorption of the photons at 193 nm by the plasma and the production of single photon or direct photoionization of Al. Therefore, instead of a single population with a single temperature, two populations formed each by thermal (cold) and hot ions/electrons can briefly coexist in the corona region resulting in charge separation that can be sufficiently strong for accelerating the positive ions. 8, 36 The KE distribution of Al þþ in Fig. 3(a) that is shifted to higher values and the fact that the amount of these double charged ions does not saturate 16 provides further support to this reasoning. The repulsive forces that arise between the hot and cold populations can explain the need for a stream velocity necessary to fit the experimental KE distributions in Fig. 4 for Al þþ and O þ thus suggesting that the population of the latter is related to that of fast Al ions. This conclusion is consistent with the T e plot in Fig. 8(b) obtained from O þ . The recombination of hot electrons with Al þ ions increases the population of Al that can interact with the hot cloud of electrons related to Al þ ions. This becomes evident in Fig. 6 (a) where one can distinguish two different contributions to N e when ablating at 193 nm: one related to cold Al most likely associated to species directly ejected from the target and having temperatures <1 eV ( Fig. 7(a)) , and a hotter population (3-4 eV, Fig. 7(a) ) related to neutralization of Al þ at the front of the plasma. These two population scheme is also consistent with the results shown in Fig. 1(c) and the inset in Fig. 2(b) , obtained by mass spectroscopy, which shows that there are two populations of neutrals, the hottest with KE > 70 eV which increases with increasing fluence. At this point, it is noteworthy that the KE distribution of Al excited species show negligible species with KE > 50 eV (Fig. 4(c) ), while the KE distribution of all Al neutral species extend up to 100 eV and their amount is saturated (Figs. 1(c)  and 2(b) ). This allows us to conclude that at both studied wavelengths, there are Al neutrals in ground state that are faster than the excited ones. Upon ablation at 193 nm, the similarity between the KE distribution of the slow population ( Fig. 1(c) ) to that of excited neutrals (Fig. 4(c) ) suggests that the former is associated to excited Al and therefore the fast Al neutrals formed by recombination of Al þ must be in the ground state. Upon ablation at 248 nm, this comparison leads to the conclusion that the peak observed in Fig. 1(c) for KE < 10 eV corresponds to excited neutrals, while the long tail up to 100 eV corresponds to the ground state neutrals.
Saturations effects by plasma shielding have been found in different laser induced plasmas and are more often encountered using longer wavelengths and higher fluences. 22, 23 Our results show that they appear at fluences close to 1.5 J/cm 2 upon ablation at 193 nm. The high KEs of Al þ allows them to travel at the front of the plasma and, because they absorb efficiently the laser photons, the slower species are shielded and therefore become little affected by an increase of the laser fluence. Similarly, if it is assumed that Al þþ is produced by ionization of Al þ , it is not shielded and thus its amount must increase with fluence as reported earlier. 16 These results are consistent with those reported elsewhere for ablation of Al targets at lower photon energies (355 and 532 nm) 22, 23 for which photoionization can only occur through multiphoton processes. This requires much higher fluences that is consistent with the reported higher threshold for both saturation effects (>10 J/cm 2 ) and detecting Al þþ (7-9 J/cm 2 ). 22 These reasoning is further supported by the results presented in Fig. 2(c) showing that O þ becomes saturated for fluences around 1.5 J/cm 2 upon ablation at 193 nm, while there are no clear evidences of saturation for fluences up to 4 J/cm 2 upon ablation at 248 nm. For the case of ablation upon 248 nm, the decrease of N e (Fig. 6(b) ) and T e (Fig. 7(b) ) with space and time is very similar to that reported in the literature upon ablation of ceramic Al 2 O 3 at the same wavelength, 14 i.e., for a time around 100 ns, Ne is %6 Â 10 17 cm À3 in the neighborhood of the target and becomes negligible for z % 2.5 mm from the target surface. The limited space-time window and number of points analyzed in the present work prevents us to determine the precise dependence of Ne and Te on z, but our results appear consistent with the z Àn dependence, where n is a number between 1 and 2, or the t À2 reported elsewhere for the case of ablation of Al targets at same 19 and longer wavelengths. 25 Therefore, we could conclude that the expansion of the plasma produced by ablation of Al 2 O 3 at 248 nm is dominated by a single population and thus consistent with an adiabatic expansion.
The obtained results help to understand earlier reports on film properties and eventually to decide the appropriate wavelength for tailoring film properties, although this work has been focused to the study of the plasma produced by ablation of Al 2 O 3 and no films were deposited. The special features of the plasma produced at 193 nm makes this wavelength essential for taking advantage of ion bombardment during growth such as sputtering, implantation or selfassembling processes. 2, 5 In addition, energetic ion bombardment promotes the production of high density films. 3, 5, 10 In this respect, it is interesting to note that for achieving a refractive index higher than 1.65 by ablation at 248 nm, a fluence higher than 3.5 J/cm 2 was required, 3 while a value of 1.67 could be achieved by ablation at 193 nm with only 1.8 J/cm 2 . 10 Besides, ion bombardment promotes amorphization, 5, 10 while polycrystalline material could only be produced for low fluences at 1064 nm for which the KE of ions was kept low enough. 4 
V. CONCLUSIONS
Single-photon or direct photoionization of Al species upon ablation at 193 nm (i.e., with photon energies higher than the ionization potential of Al) leads to a dense and hot plasma dominated by Al þ even for distances to the target up to 10 mm and times after the laser pulse longer than 500 ns. The coexistence of both hot/fast and thermal/slow populations of positive ions produces a repulsion of positively charged species and can accelerate the faster ions. The existence of these two populations has two important consequences. On the one hand, the hot electrons at the forefront of the plasma, related to the fast ions, promote recombination of Al þ that leads to a second population of Al that is faster than the one produced by direct ejection from the target. On the other hand, the hot /fast population of Al species absorbs efficiently the photon energy and shields the slower part of the plasma leading to saturation effects at low fluences. The results achieved upon ablation at 248 nm for comparable fluences support further that the existence of these two populations upon ablation at 193 nm is directly related to single-photoionization processes of Al because Ne and Te decrease as space or time increases, and thus are dominated by the expansion of a single population. Furthermore, the amount of ions for 248 nm ablation is much smaller than that at 193 nm and the degree of ion excitation is negligible.
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